b-Cell autoantibodies are a feature of the preclinical phase of type 1 diabetes. Here, we asked how frequently they revert in a cohort of children at risk for type 1 diabetes and whether reversion has any effect on type 1 diabetes risk.
Persistent b-cell autoantibodies (i.e., positive at consecutive visits) are associated with high-risk type 1 diabetes HLA genotypes, and transient autoantibody expression with lower genetic risk (4, 7) . Previous findings in the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) and Diabetes Autoimmunity Study in the Young (DAISY) studies showed that ;50% of autoantibodypositive subjects at a single visit revert to negative within 2 years (5,7). Although little is known about the effects of the variable presence of b-cell autoantibodies on the risk of type 1 diabetes, transience may be true remission of autoimmunity, humoral markers only, or just assay variability. Assessing autoantibody expression may clarify the natural progression of the disease and assist in the identification of factors associated with different progression rates. Such knowledge will assist in risk profiling as well as in reducing the cost burden of repeat testing of autoimmunity.
The aim of this study was to determine whether the persistence of b-cell autoantibodies over time could stratify the risk for type 1 diabetes and further clarify the natural progression of the disease and its association with different progression rates in The Environmental Determinants of Diabetes in the Young (TEDDY) study of genetically high-risk children.
RESEARCH DESIGN AND METHODS

Study Population
TEDDY is a prospective cohort study of children at genetic high risk for type 1 diabetes, funded by the National Institutes of Health, which seeks to identify environmental causes of type 1 diabetes. There are six clinical research centersd three in the U.S.: Colorado, Georgia/Florida, Washington, and three in Europe: Finland, Germany, and Sweden. The high-risk genotypes for subjects screened from the general population with no family history of type 1 diabetes (89%) were as follows: DRB1*04-DQA1*03-DQB1*03:02/DRB1* 03-DQA1*05-DQB1*02:01 (DR3/4-Q2/8), DRB1*04-DQA1*03-DQB1*03:02/DRB1* 04-DQA1*03-DQB1*03:02 (DR4/4-DQ8/8), DRB1*04-DQA1*03-DQB1*03:02/DRB1* 08-DQA1*04-DQB1*04:02 (DR4/8-DQ8/4), and DRB1*03-DQA1*05-DQB1*02:01/ DRB1*03-DQA1*05-DQB1*02:01 (DR3/ 3-DQ2/2) and six additional genotypes in first-degree relatives of those with a family history of type 1 diabetes, as previously described (8) .
Children enrolled are monitored prospectively from 3 months to 15 years with study visits every 3 months until 4 years and every 3 or 6 months thereafter, depending on autoantibody positivity. All children who are persistently positive for any autoantibody are monitored every 3 months until the age of 15 years or onset of type 1 diabetes. If remission of all autoantibodies occurs at any time during follow-up for a period of four consecutive visits or 1 year, a follow-up interval of 6 months becomes effective. Detailed study design and methods have been previously published (9, 10) . The protocol was approved by institutional review boards at participating centers, and all participants provided written informed consent before participation in the genetic screening and enrollment.
b-Cell Autoantibodies b-Cell autoantibodies IAA, GADA, or IA-2A were measured in two laboratories by radiobinding assays (9, 10) . In the U.S., all sera were assayed at the Barbara Davis Center for Childhood Diabetes at the University of Colorado Denver; in Europe, all sera were assayed at the University of Bristol, U.K. Both laboratories reported high sensitivity, specificity, and concordance (11) . All positive b-cell autoantibodies and 5% of negative samples were retested in the other reference laboratory and deemed confirmed if concordant. Autoantibody determination of maternal acquired or de novo appearance was based on the presence of both maternal and child autoantibodies over the first 18 months of age. De novo production was designated if the mother was negative for autoantibodies and the child was positive. If the mother was positive, then the child was deemed negative for autoantibodies unless the child had a negative sample before the first positive sample or the autoantibody persisted beyond 18 months of age. Persistent b-cell autoimmunity was defined as autoantibody presence on two or more consecutive visits 3 months apart and confirmed in two TEDDY laboratories. Reversion was defined as two or more consecutive negative visits after persistence. Age of seroconversion was the age of the child on the initial date of seroconversion to persistent b-cell autoimmunity. The specific autoantibody result on the initial date was defined as the baseline measure. Type 1 diabetes was defined according to American Diabetes Association criteria for diagnosis (12) . HLA-eligible subjects were ,10 years of age and screened a minimum of four times during follow-up for IAA, GADA, and IA-2A. Children who were ineligible for this analysis included those who did not have an autoantibody test result (n = 55) and were HLA ineligible (n = 118). Children who developed type 1 diabetes within 3 months of the last autoantibody negative (n = 6) or first positive test result (n = 19) were defined as not developing persistent autoantibodies before type 1 diabetes. Other children who developed type 1 diabetes more than 3 months after the last autoantibody test (n = 14, min-max time after last test 0.8-8.3 years) were censored at the time of the last test because it was not possible to determine persistent autoantibodies before diagnosis. Autoantibody-positive children who were lost to follow-up immediately after the persistent sample were censored at the time of the initial seroconversion because they were never observed at risk for reversion (n = 14).
Autoantibody titers were converted to z-scores due to different autoantibody cutoff values in the two reference laboratories (Bristol and Denver) and change in type of assay over time from the original TEDDY standard assay to the harmonized assay. Autoantibody titers were converted to SD units centered on the assay threshold for analysis. The harmonized assay was used for IA-2A and GADA; if a measure was missing from the harmonized assay, the TEDDY assay transformed to the harmonized assay was used. The Bristol z-score was used for IAA (not harmonized), and, if missing, the Denver z-score was used. Change in z-score over time had a symmetrical distribution and was untransformed. The z-score will be denoted as titer.
Statistical Analysis
Data were analyzed using SAS 9.4 software (SAS Institute Inc., Cary, NC), and GraphPad PRISM 5.03 software (GraphPad Software Inc., La Jolla, CA) was used for figures. The Mann-Whitney U test was used to assess differences in time to reversion among children who had reverted.
Time-dependent Cox regression examined how reversion modified risk of both development of multiple autoantibodies and type 1 diabetes in two nonmutually exclusive cohorts defined by number of autoantibodies at the time of seroconversion (single autoantibody or multiple autoantibodies). Kaplan-Meier curves were used to descriptively show the cumulative incidence of multiple autoantibodies and reversion separately as well as the cumulative risk of type 1 diabetes for children who did and did not revert (hazard ratios and P values from time-dependent Cox proportional hazards models were used to evaluate statistical relevance). Multivariable analyses were adjusted for HLA-DR-DQ, sex, age of first autoantibody seroconversion, family history of type 1 diabetes, country of residence, and, when appropriate, presence of other autoantibodies, baseline autoantibody titer at the time of seroconversion, and change in autoantibody titers from the initial sample to consecutive samples. The incidence of type 1 diabetes was described as a rate per 100 person-years from birth. Exact 95% CI in incidence rates were calculated using the x 2 relationship to the Poisson distribution. All analyses were preplanned. P values of ,0.05 were considered significant and two-sided.
RESULTS
Overall, 596 of 8,503 (7%) of the eligible enrolled HLA high-risk children in TEDDY developed one or more persistent autoantibodies (remained single, n = 225; developed multiple, n = 371) and were monitored until 31 March 2015 for the development of type 1 diabetes (Fig. 1) . Median (interquartile range) age at initial seroconversion was 27.7 (15.2-48.3) months. Of these 596 children, 164 (28%) developed type 1 diabetes, and by the time of diagnosis, 146 of 164 (89%) were positive for two or more autoantibodies at least once during follow-up. The current analysis examined both the single autoantibody-and multiple autoantibody-positive children for changes in autoantibody expression and the effect of those changes on the development of type 1 diabetes.
Factors Associated With Persistence/Reversion
Descriptive statistics for those autoantibody-positive children who had single or multiple persistent autoantibodies are reported in Supplementary Table 1 . In addition, these data specify the distribution of known risk factors and their influence on the risk of autoimmune reversion. At the time of the initial seroconversion, 500 children presented with only one persistent autoantibody (242 GADA, 245 IAA, 13 IA-2A), 84 presented with two autoantibodies, and 12 presented with three autoantibodies. Among the children with a single autoantibody, 24% reverted: 19% (45 of 242) for GADA (median time: 8.8 months), 29% (72 of 245) for IAA (median time: 10.1 months), and 8% (1 of 13) for IA-2A (median time: 6.1 months). Reversion primarily occurred within 1 year of the initial seroconversion (69% of GADA reversions, 64% of IAA reversions, 100% of IA-2A reversions). Of the children who reverted for their single autoantibody, 19% seroconverted back to positive: 18% (8 of 45) for GADA, 19% (14 of 72) for IAA, and 0% (0 of 1) for IA-2A. Children who were initially multiple autoantibody positive (n = 96) or who developed persistent multiple autoantibodies after initial seroconversion to a single autoantibody (n = 275) were less likely to revert to negative; 1.2% when two autoantibodies were present, and 0.5% when three autoantibodies were present.
Risk of reversion of a single GADA or IAA was associated with the change from baseline titer of the autoantibody to next consecutive sample titer (Supplementary Table 1 ). An increase from the baseline autoantibody titer to the defining persistent sample (consecutive) titer decreased the risk of reversion (GADA: HR 0.18, 95% CI 0.09-0.35, P , 0.001; and, IAA: HR 0.32, 95% CI 0.19-0.56, P , 0.001), such that an increase compared with a decrease in titer reduced the risk of GADA reversion by 82% and IAA by 68%. IAA was more likely to revert in children with HLA-DR3/ 3-DQ2/2 compared with HLA-DR3/ 4-DQ2/8 (HR 2.67, 95% CI 1.14-6.24, P = 0.03) and less likely to revert when baseline levels were very high ($3 SD above cutoff). Age at seroconversion was strongly associated with GADA reversion; each year older in early life reduced the risk of reversion by 4% (HR 0.96, 95% CI 0.94-0.97, P , 0.001). Sex, family history of type 1 diabetes, and country did not predict GADA, IAA, or IA-2A reversion.
Risk of Developing Other Autoantibodies and Persistence/Reversion
Reversion of autoantibodies affected the risk of developing other autoantibodies (Table 1) . After adjusting for known risk factors associated with type 1 diabetes autoimmunity, GADA reversion, when presenting as a single autoantibody, reduced the risk of developing multiple autoantibodies by 90% (HR 0.10, 95% CI 0.03-0.29, P , 0.0001) compared with children with a single persistent autoantibody; IAA reversion reduced the risk of developing multiple autoantibodies by 76% (HR 0.24, 95% CI 0.13-0.44, P , 0.0001). Reversion of IA-2A was rare (3% [9 of 290]). Development of another autoantibody essentially precluded reversion. The cumulative percentage of children who developed multiple autoantibodies was 50% within 1 year (median survival time, 12.7 months) ( Fig. 2A) . The cumulative percentage for the children who reverted was 14% during the same follow-up time (1 year).
Risk of Type 1 Diabetes and Persistence/Reversion
Reversion of a specific autoantibody on risk of type 1 diabetes after development of multiple autoantibodies was also examined. The seroconversion and reversion of GADA or IAA in the presence of multiple autoantibodies appeared to modify the risk of type 1 diabetes compared with those with persistent autoantibodies (Table 1) The cumulative risk of developing type 1 diabetes by three groups that depict the change in autoantibody status up to 1 year after initial seroconversion is illustrated in Fig. 2B . Group 1 were the children who developed multiple autoantibodies (n = 293), group 2 were the children who reverted from a single autoantibody (n = 78), and group 3 were the remaining children who neither reverted for the single autoantibody nor developed multiple autoantibodies during the first year (n = 225). Progression to type 1 diabetes was very low in children who reverted up to 1 year (1 of 78 [1.3%]; HR 0.14, 95% CI 0.04-0.59, P = 0.007) compared with the children who remained single persistent for the first year (24 of 225 [10.7%]) . The children who reverted in the first year and later developed type 1 diabetes were part of a group (9 of 78 [11.5%]) who developed another autoantibody after reversion but never had multiple autoantibodies at the same time (Fig. 1) . Of the 24 of 225 (10.7%) who remained single persistent for the first year and later developed type 1 diabetes, 7 of 24 belonged to a group (n = 67) who developed multiple autoantibodies after the first year, and 17 of 24 belonged to a group (n = 158) who never developed multiple antibodies. The percentage developing type 1 diabetes was similar (1 of 9 [11.5%], 7 of 67 [10.4%], and 17 of 158 [11.1%]); irrespective of whether the child reverted and developed another autoantibody (n = 9), was persistent for the first year and developed another antibody (n = 67), or was persistent only the first year without developing another autoantibody (n = 158). In contrast, of the remaining children developing multiple autoantibodies in the first year after seroconversion (139 of 293 [47%]), there was a high risk of progression to type 1 diabetes (HR 5.72, 95% CI 3.44-9.52, P , 0.0001) compared with the children who remained single persistent. Further stratification by continent (U.S., Europe) showed no difference in risk of type 1 diabetes by the three autoantibody profiles. is clear that reversion most likely occurs in those with a single autoantibody. The TEDDY study findings of 24% transience are consistent with the DAISY study (7) , which showed 20% transience in those with a single confirmed autoantibody (i.e., positive on two or more blinded aliquots) at more than one sample/visit, and the 16% transience reported in the DIPP study (5) . All three studies ensured minimal error or assay variation. TEDDY used two reference laboratories to confirm each positive sample and required positivity at both laboratories over two consecutive screening visits. Consistent with similar study populations, IAA had the highest incidence of reversion (5, 21) . Although the reason for this higher incidence is unclear, it has been suggested that this might be due to maternal autoantibody exposure; however, determination of de novo production was not a major issue because this study's definition of persistent positive excluded maternal acquired autoantibodies, as defined previously (22) . Nevertheless, maternal acquired autoantibodies could not be determined for 0.4% of the enrolled children, which may account for the 3 of 10 GADA-only children who reverted at a very early age (,1 year). Assessment of risk associated with further development of other autoantibodies and/or type 1 diabetes has been based on case-observation (5, 7, 22) or univariate in nature (23) . This study provides evidence that a single transient autoantibody has limited influence on risk of type 1 diabetes; whereas, a single nontransient autoantibody confers a risk of 1.8 per 100 person-years.
Type 1 diabetes is a complex and heterogeneous disease process, as evidenced by geographical differences in incidence, progression rates, and genetics. The TEDDY study offers a unique opportunity in children with four major type 1 diabetes HLA-DR-DQ risk genotypes to dissect the etiopathogenesis of the appearance of a first autoantibody (14) and progression to clinical onset in relation to the dynamics of these autoantibodies. Transience in autoantibodies that are assumed indicators of the progression of b-cell autoimmunity to type 1 diabetes can support the notion that b-cell autoimmunity is a waxing-and-waning disease process. A better understanding on the development of known preclinical markers provides a chance to improve risk profiles and allow for identification of homogenous risk groups. These more specific risk groups can improve the prediction of those with imminent risk of clinical type 1 diabetes onset, define autoantibody screening intervals, and identify potential windows where environmental exposures may enhance or perhaps reduce risk.
Progression to type 1 diabetes is very low (risk) in those who only develop a single autoantibody (15%); whereas, 70% of those who develop multiple autoantibodies progress to type 1 diabetes, as reported from a geographically diverse pooled cohort of children (4) . Autoantibody presentation is heterogeneous, with some acquiring multiple autoantibodies at relatively the same time, others developing multiple autoimmunity over months/years, some only developing one autoantibody, and others transient. This study identified three autoantibody profiles that have differential progression patterns within 1 year of initial seroconversion: 1) reversion, 2) multiple autoantibodies, and 3) single autoantibody. Integration of these three groups into the current schematic of risk profiling, which includes HLA genotype and first-degree relative, may reduce the apparent heterogeneity in risk status that has affected intervention trials (24) .
The TEDDY study cohort is at high genetic risk for type 1 diabetes, and thus, all inferences are subject to such highrisk characteristics. However, this study's primary focus was on characteristics of appearance of b-cell autoimmunity and associated risk with type 1 diabetes independent of known risk factors. The TEDDY cohort is still very young, with the median follow-up age of only 5.7 years (interquartile range 2.7-7.6), so extrapolation of findings to adolescents and adults is limited. Nevertheless, compared with older study populations, TEDDY has a unique strength of capturing those children who rapidly develop diabetes at very young ages; as such, there are relatively few children developing type 1 diabetes with only one autoantibody (25) . TEDDY's short screening interval permitted better capture of those who revert; thus, an ideal screening interval design would continue to screen those subjects who seroconvert and revert negative for at least an additional year after reversion. Future analyses in TEDDY will include zinc transporter 8 autoantibody as it becomes available.
This work provides a benchmark for using specific autoantibodies as more than just positive thresholds in assessing risk. Autoantibody titers as markers of disease have been assessed for many years, but sample size limitations have reduced their use to number/combinations of autoantibodies and whether an assay threshold has been met for risk assessment. The varying appearance of autoantibodies provides valuable information that can assist in profiling risk of progression to type 1 diabetes independent of genetics, family history, and age. The sheer size and follow-up of the TEDDY study has provided a unique opportunity to explore the intricate details of autoantibody appearance, autoantibody patterns conditioned on other autoantibody titers, and their association with known risk factors, windows upon which "triggering events" potentially occur, environmental factors, and interactions with other biomarkers ("omics"). On the basis of these findings, further testing for b-cell autoantibodies does not add further stratification to type 1 diabetes risk once children have developed multiple autoantibodies but is important for assessing the type 1 diabetes risk in children who present with a single autoantibody.
